Starting from a simple model of the double-mell semiconductor heterostructure capable of generating continuous-wave quantum "Bloch" oscillations, we have calculated analytically their major statistical properties, including spectral density and amplitude distribution. Other characteristics of the structure, pertaining to the Bloch oscillation, such as the dc I-V curve, rf impedance, and dc response to an external rf signal, were also calculated. The results are used to discuss similarities and difFerences between the Bloch oscillations and other types of oscillatory processes including the Josephson oscillations, laser radiation, spontaneous radiation, and narrow-band random noise.
I. INTRODUCTION
Recently there has been a revival of interest in quantum "Bloch" ( (Note that the Bloch dynamics of these two systems is similar in the most interesting high-field limit. ) These remarkable experiments invite further theoretical studies of the Bloch oscillators as possible radiation sources in the submillimeter wave band, including not only their power and &equency, but also statistical properties such as spectral density distribution (in particular, linewidth) and amplitude statistics. Such calculations, to the best of our knowledge, have never been carried out for Bloch oscillations, with the single exception of a Monte Carlo calculation of the spectral density of electron velocity in lateral superlattices for one particular set of parameters. This is why obtaining analytical expressions for the statistical characteristics was the main goal of this work.
We have concentrated on the continuous-wave oscillation mode as the most interesting one. A double-well (rather than a rnultiwell) structure, iv was selected for our analysis because that is the most straightforward way to circumvent the charge accumulation instabilities typical for this mode. 
II. MODEL AND BASIC EQUATIONS
We will consider processes in the semiconductor double-well structure with the band-edge diagram shown in Fig. 1 . Quantization of the electron motion along the z axis (perpendicular to the layers) leads to formation of subbands in quantum wells 1 and 2, so that the electron energy in the ith well (i = 1, 2) (12) which, in our approximation (1), do not depend on the direction of p: (14) for the off-diagonal matrix element describes the decay of the quantum coherence between electrons on these levels. Generally, the system of Eqs. (13), (14) (16) where T is the temperature in energy units. In this limit the current can be expressed as via stationary solution nq 2(p) of these equations. The resulting formula is quite simple for the most interesting case when the quantization levels k6/2 are located well below the Fermi levels in both external electrodes ( Fig. 2(a) . In the initially symmetrical structure (~b p~&& t) [see Fig. 2 (c)], the resonance peak is, however, distorted from its "seed" shape shown in Fig.  2 (a) since it is very close to the origin, where the current is suppressed by the smallness of the number of available states in the external electrodes [this effect is described by the factor V in Eq. (17)]. Note that the width of the dc current peak (in energy units) always exceeds the tunneling amplitude t, i.e. , with our assumptions, the peak is much wider than I' and I'L R.
In the limit I' (( I"L R our expression coincides with that obtained by Gurvitz, who solved a similar problern for a system without scattering. More generally, the negative-slope regions of the dc I -V curves, similar to those shown in Fig. 2 Fig. 2(b) ]. The dashed line shows the amplitude of the peak in spectral density according to Eq.
(24) which is valid for dc bias voltages outside of the resonant peak in the dc I -V curve. Fig. 3 [see points in Fig. 2(b) ], while Fig. 4(b) shows the imaginary part of the admittance for the same bias points. One can see that the rf conductance peaks at u tv~can be either positive or negative. Equation (30) says that, crudely, the conductance is positive on the left slope of the resonance peak of the dc current [see Fig. 2(b) Within these intervals, however, the radiation induces peaks of the dc current that may be quite comparable to the autonomous current in the absence of the radiation. This change of the dc current is due to the radiationstimulated transitions between the two resonance levels.
With the further growth of the external signal, the peak height saturates and its width starts to grow.
VI. ZERO-POINT OSCILLATIONS AND AVAILABLE POWER
As was mentioned in Sec. IV, the calculated spec- 
The factor g enters because the rf current in the load is I,(t) = gI(t) rather than I(t) [see Eq. (31) and its discussion].
According to Eqs. (13), (22), (24) 
The Gurvitz. ) There are two reasons for such a difference.
(1) When the levels in the two wells are close (~bt ), the external dc voltage afFects substantially the basic energy spectrum of the system; see Eq. (7).
(2) Even outside this region (i.e., at~h~& ) t), if scattering and tunneling rates I', I'I. R are strongly different, the electron population of the energy levels can be far from thermal equilibriuxn (i.e. , different Rom that of the corresponding external electrodes).
Both these effects are localized within the range Ab (18). It is straightforward to check that if all "photon points" V + nhur/e in Eqs. (36) -(38) avoid this range, and g = 1, these equations describe all our results.
To summarize, we have carried out an analysis of the statistical properties of spontaneous Bloch oscillations generated by the double-well semiconductor structures. Our results show, in particular, that this process is closer to noise generated by other simple physical systems with uncorrelated transfer of incoherent electrons than to selfoscillations in the classical meaning of the word. On the other hand, inversion of level population in these structures may allow their use as generators of coherent stimulated radiation in the teraherz &equency band. The statistical properties of such "tasers" would be similar to those of the lasers.
